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Abstract
One of the most striking features of meandering rivers are quasi-regular ridges of the point bar testifying of a pulsed
lateral migration of meander bends. Scroll bars formed on the inner bend are preserved on the point-bar surface as a
series of ridges as meanders migrate, and in the subsurface of the point bar as inclined heterolithic stratification with
lateral accretion surfaces. It is necessary to understand the formation and sedimentary architecture of these point bars
which are fundamental geomorphic building blocks of meandering rivers and are potential reservoirs for water, oil and
gas. However, it remains unresolved whether the scroll-bar pattern forms in response to outer-bend bank erosion during
floods, i.e., bank pull, or is forced by bank progradation, i.e., bar push. Here we use experimentally formed meandering
rivers with a set of static and migrating bends to isolate the effects of sediment supply to the point bar, bank protection
and forced bank retreat. We find that channel widening caused by bank retreat near the bend apex causes deposition of
new scroll ridges along the inner-bend point bar, whereas scroll bars cannot be forced by sediment pulses. Thus channel
width variations along meander bends cause bank pull, which is necessary for scroll-bar formation. Furthermore, we
find that each newly attached scroll bar overlies a non-permeable layer of finer-grained sediment caused by the temporary
flow expansion, which explains the fining upward tendency of point bars.
1. Introduction
Point bars are major depositional bodies of mean-
dering rivers (Miall, 1985). They have a characteris-
tic ridge-and-swale topography, which is visible on
airborne scanning laser altimetry images (Fig. 1A)
and often expressed in the distribution and succes-
sion of vegetation (Fig. 1B). The ridges are formed
as scroll bars parallel to the curved channel and
separated from the inner bank by a swale (Jack-
son, 1976; Nanson, 1980). The low-lying swales are
preferential pathways for cutoffs rather than the el-
evated ridges (Zinger et al., 2011). A key unre-
solved problem is whether scroll bars are formed
as a consequence of bank pull, i.e., erosion of the
outer bank, or prior to bank erosion due to quasi-
periodic variations in local sediment supply, after
which the flow is ÓrˇushedÒa˘toward the outer bank
by the bar. Several studies suggested that each scroll
bar is formed during one flood event (Nanson, 1980;
Nanson and Hickin, 1983), but no previous study
has documented whether these scroll ridges are trig-
gered by outer-bank retreat or cause the flow to scour
the outer bank.
Understanding the formative conditions for scroll
bars is essential to explain fundamental meander-
ing morphodynamics and to characterize the in-
ternal three-dimensional sedimentary architecture
of point-bar deposits. Point-bar deposits are pre-
dominantly coarse-grained, i.e., sandy to gravelly,
which makes them excellent reservoirs of natural
resources. Yet, depending on the formative mech-
anism, lithologic heterogeneities within these de-
positional bodies determine the hydraulic proper-
ties (Bierkens and Weerts, 1994; Huggenberger and
Ainger, 1999), which is relevant to predict the in-
ternal fluid-flow behavior (Gibling and Rust, 1993;
Labrecque et al., 2011) and to assess groundwater
contamination and remediation (Wagner and Gore-
lick, 1989; Rauber et al., 1998). The lithologic het-
erogeneities are often expressed as fining-upward
lateral-accretion deposits (Miall, 1985) but how these
characteristic sedimentary features are related to me-
ander bend migration and the hydrodynamics along
meander bends is poorly understood. A detailed un-
derstanding of the mechanisms of channel bend mi-
gration and the controls on erosion and deposition
along meander bends is therefore of great interest to
geomorphologists, engineers as well as to sedimen-
tologists and petroleum geologists.
In this paper, we present a series of systematic
flume experiments to test the bar push and bank
pull hypotheses for formation of individual scroll
bars and the consequences for the resulting point-
bar stratigraphy. Multiple flume experiments (Pyrce
and Ashmore, 2005; Van Dijk et al., 2012; Van de
Lageweg et al., 2013) showed that typical point-bar
ridge-and-swale topography developed under con-
stant discharge (Fig. 1C) and an individual flood
event did not cause a single scroll bar (Van Dijk et al.,
2013, Fig. 1D). We present detailed data of a series
of controlled flume experiments in which the essen-
tial conditions to form the characteristic ridge-and-
swale topography and associated lithologic hetero-
geneities in point-bar deposits are isolated. We com-
pared bends that migrated with static bends, fixed
outer banks, attempted to force bar-push by adding
sediment just upstream of bends and attempted to
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Figure 1: Examples of natural and experimental point bars with a characteristic ridge-and-swale topography. a) Lidar images iden-
tify the ridges and swales on a point bar of the river IJssel, The Netherlands (source: http://ahn.geodan.nl/ahn/). b) The
ridge-and-swale topography is highlighted by the distribution and succession of vegetation on the point bar of the river
Koyukuk, Alaska (source: DigitalGlobe). c) Point-bar deposits with intact and cross-cut scrolls in an experiment with con-
stant bankfull discharge (Van Dijk et al., 2012; Van de Lageweg et al., 2013). d) Well-developed point bar with alternating
scroll ridges and swales in an experiment with fines and a varying discharge (Van Dijk et al., 2013).
force bank-pull by removing bank material (Table 1).
2. Experimental methods
We conducted eight experiments in the Eurotank
basin measuring 11 m x 6 m to form dynamic me-
andering rivers with scroll-bar formation (Van Dijk
et al., 2012; Van de Lageweg et al., 2013). We sys-
tematically measured and manipulated a set of de-
veloping point bars with a range of dynamics to
investigate if the typical ridge-and-swale topogra-
phy and associated subsurface expression are caused
by inner-bend sediment pulses (i.e., bar pushing) or
outer bank erosion (i.e., bank pulling). In our ex-
periments we cause ongoing lateral development of
meanders on average by a sustained perturbation
of the upstream inflow location of water and sedi-
ment in the flume (Van Dijk et al., 2012). As a result
bend migration varied both spatially and temporally
from nearly static bends to rapidly migrating bends,
which allowed us to select a set of point bars with
a wide range of dynamics for measurement and sys-
tematic manipulation. Details on the experimental
setup and approach are provided in the GSA Data
Repository1.
We used five different bends to study the effect of
forced sediment pulses and forced or stalled outer-
bend erosion on the development of scroll ridges in
migrating or non-migrating meander bends (Table
1). Cases 1 to 3 served as control experiments for
both migrating and non-migrating static bends. The
bar push mechanism was tested by adding sediment
pulses upstream of the bend (cases 4 and 5). Pulse
volume (200 ml) was equal to the volume of a sin-
gle scroll bar. The bar push mechanism was tested
on a migrating channel bend and on a bend that was
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not migrating (static). The bank pull mechanism was
tested on two migrating bends for which we either
fixed the outer bank (case 6), or we manually re-
moved sediment from the outer bank (case 7). In
this latter case, the outer bank was displaced each
time by at least a tenth of the channel width. Cases 1
to 7 had a constant discharge of 0.5 l/s and no silica
flour was added. A specific experiment (case 8) was
conducted to study the relation between the migra-
tion of meander bends, deposition of fine sediment
and the formation of fining-upward lateral-accretion
packages within point bar deposits. Case 8 had a
stepped hydrograph with a low discharge of 0.25 l/s
for 2.5 hours and a high discharge of 0.5 l/s for 0.5
hours. We added 0.5 l of slightly cohesive silt-sized
silica flour during the high discharge stages.
The surface was recorded by a high-resolution (<
0.5 mm) line-laser scanner for digital elevation mod-
els and a digital single lens reflex camera on an au-
tomated gantry for (1) channel-floodplain segmenta-
tion from water color intensity and (2) silt surface
cover from normalized image luminosity (Fig. DR1,
Van Dijk et al., 2013). The effect of bar push and
bank pull are quantified by measuring the displace-
ment of the inner and outer banks compared to their
initial location. A transverse bed slope predictor (Eq.
1 in DR1, Struiksma et al., 1985) was used to predict
the dip angle of lateral-accretion deposits. Further-
more, sequential digital elevation models of the me-
ander morphology were used to generate a synthetic
stratigraphy verified by lacquer peels that records
deposit age and erosional surfaces (Van de Lageweg
et al., 2013).
3. Results and discussion
3.1. Scroll-bar formation
Point-bar deposits are built up by successive attach-
ment of individual scroll bars as the outer bank re-
treats. Previous studies suggested that these scrolls
formed by oblique dunes (Dietrich and Smith, 1983)
or by transverse bars (Sundborg, 1956). We observed
trains of oblique sediment sheets migrating along the
inner bend at a higher frequency than that at which
scrolls formed (Fig. 2). The ridges of these sedi-
ment sheets shoaled and migrated upslope onto the
point bar downstream of the bend apex. Deposi-
tion of several of these bedforms resulted in a sin-
gle scroll ridge. Net movement of bedforms toward
the inner bend is caused by helical flow forced by
bend curvature (Nanson, 1980) and deposition is de-
termined by flow expansion forced by width varia-
tions along the bend (Zolezzi et al., 2012; Frascati and
Lanzoni, 2013). The experimental point bars migrate
mostly by downstream translation, which is consis-
tent with typical field (Fig. 1) and model (Willis
and Tang, 2010) examples of skewed downstream
point-bar configurations. Consequently, scroll bars
are mainly deposited on the downstream, widening
half of the point bar where flow velocities decrease.
This suggests that width variations along the channel
are pivotal to explain point-bar development and, ul-
timately, river-pattern evolution and construction of
the sedimentary architecture of point bars.
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Figure 2: Image of a flume experiment showing the migration of
bedforms shoaling onto the point bar as a result of flow
deceleration and helical flow in the widening bend.
3.2. Effect of interventions on point-bar de-
velopment
First, we studied bends that migrated naturally in
control experiments (case 1). Sediment tracers con-
firm earlier findings (Pyrce and Ashmore, 2005) that
sediment eroded from the outer bank upstream of
the bend apex deposits on the point bar downstream
of the same bend apex (case 3). In contrast, sediment
eroded downstream of the bend apex deposited on
the next, downstream point bar. Other bends were
naturally static for some time in the experiment (case
2) for lack of upstream dynamics (Lanzoni and Sem-
inara, 2006; Van Dijk et al., 2012).
Second, the mechanism of inner-bend bar push-
ing was tested by adding pulses of sediment just
upstream of point bars in migrating bends (case 4).
This sediment deposited on top of the existing scroll
ridge. It neither formed a new ridge nor caused outer
bank erosion, but flattened the existent ridge-and-
swale topography. Also larger sediment pulses did
not cause bar-push (Fig. 3A). In a naturally static
bend (case 5, Fig. 3B) sediment pulses neither ac-
tivated scroll-bar formation nor caused outer-bank
retreat, which indicates that flood-caused sediment
pulses alone are insufficient to form scroll bars and
to cause outer-bend bank erosion.
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Table 1: Overview of measured and manipulated point-bar cases. The precondition gives the current development of the tested bend,
migrating laterally or static on one position. The results identify the effect of the bar push or bank pull on the development
of the point bar or bank retreat compared to the control experiments.
Experiment precondition intervention cases results
control migrating - 1,3 multiple scrolls per flood
control static - 2 no scrolls, no bank retreat
bar push migrating 5 sediment pulses 4 no increase in bank retreat
bar push static 3 sediment pulses 5 no bank retreat
bank pull migrating outer bank fixed, 6 point-bar accumulation
5 sediment pulses
bank pull migrating 4 manual bank shifts 7 new scroll bars form
cohesive sediment migrating add cohesive sediment 8 dynamic meander
(Van Dijk et al., 2013)
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Figure 3: Time series of inner- and outer-bank displacement in
response to interventions. Figures a-b provide evi-
dence against the bar-push hypothesis and d shows
evidence for the bank-pull hypothesis. a) Well-coupled
migration of inner- and outer bank despite five sed-
iment pulses to feed the inner bank bar (case 4). c)
Static bend remains static despite sediment pulses
(case 5). d) Sediment pulses cause point-bar sedimen-
tation when outer bank of initially migrating bend
is fixed (case 6). e) Manually forced bank retreat
induces inner-bank sedimentation migrating down-
stream through the widened channel reach (case 7).
Third, we fixed the outer-bend bank of a mi-
grating bend and applied upstream sediment pulses,
which represents a river with highly cohesive banks
(case 6, Fig. 3C). This caused in-channel sedimen-
tation and a decrease of channel width and depth,
overbank flow and eventually a chute cutoff across
the point bar. This result suggested that in natural
rivers with highly cohesive banks continuous deposi-
tion of sediment flattens the characteristic ridge-and-
swale topography.
Fourth, to test if scroll ridges are the result of
outer-bend bank pull, we repeatedly widened the
channel by removal of outer-bank material of about a
tenth to a fifth of the channel width. In all cases this
resulted in slightly delayed and significant growth
of the point bar by inner-bend accretion (case 7, Fig.
3D). Flow-velocity measurements confirmed that the
forced retreat of the outer bank and resulting chan-
nel widening caused a decrease of flow velocity, in
particular close to the inner bank. This eventually
led to the deposition of a sediment volume along the
point bar which was similar to the volume that was
manually removed from the outer bank. Clearly, the
outer-bend displacement determined the available
lateral accommodation space and inner-bend depo-
sition ceased when the channel approximated its ini-
tial width. The width reduction resulted from the
formation of a single scroll but due to a shallower
channel the scroll ridge was lower compared to the
control experiment with a natural bank-retreat rate.
Fifth, we added slightly cohesive silt-sized silica
flour to the sediment feed to study the formation
of fining-upward lateral-accretion packages and their
relation to meander bend migration (case 8). The
silt was mainly deposited on the floodplain at outer
bends and in low-lying swales between successive
scroll ridges (Fig. DR1). Silt deposition was highly
unsteady and required low flow velocities. Typically,
outer bank erosion caused channel widening which
resulted in lower flow velocities and ultimately in
silt deposition on the existent scroll ridge. These in-
clined layers of fines reduced erodibility (Van Dijk
et al., 2013). Moreover, the dimensions and distri-
bution of these fine-sediment layers determine the
hydraulic properties of meander deposits as they are
potential fluid-flow barriers, which can compartmen-
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talize reservoirs. The synthetic sediment peels based
on stacked DEMs with silt concentration as attribute
(Fig. 4A) and real sediment peels made during cut-
ting of the deposit at the end of the run (Fig. 4B) of
the point-bar deposit clearly show laterally inclined
surfaces, but only some of these have a fine silt drape.
The thickest silt deposits are found in the low-lying
swales and gradually thin along the lateral-accretion
surfaces in downstream direction. These inclined silt
drapes are mostly restricted to the upper 75% of the
point-bar deposit. The outer point-bar deposits, cor-
responding to later times of deposition (Fig. 4A),
received more silt than the inner point bar. This is
caused by point-bar expansion, gradient reduction
and consequent flow velocity decrease, which result
in increasing silt deposition.
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Figure 4: Cross-sections of point-bar deposits from experiment
(case 8). a) Synthetic slice through experimental
point-bar deposit, showing cohesive sediment layers
and time of deposition. b) Sediment peel from same
location as shown in (a).
The dip slope of these experimental finer-grained
lateral-accretion surfaces is well predicted from ba-
sic morphological and sedimentological parameters
and a transverse-bed slope predictor (Eq. 1 in DR1,
Van Dijk et al., 2012). Application of this transverse-
bed slope predictor to the modern coarse-grained
meandering river Rhine (Erkens et al., 2009), Ger-
many, and the ancient fine-grained McMurray For-
mation (Mossop and Flach, 1983; Crerar and Arnott,
2007), Canada, (Table 2) shows that also the dip angle
of the lateral-accretion surfaces of natural point-bar
deposits is well predicted. The required morpholog-
ical and sedimentological parameters can generally
be reconstructed from seismic observations (chan-
nel dimensions and curvature) and cores (grain size).
The scale-independence of the predictor implies that
for a wide range of meandering river systems a ro-
bust prediction of the dip slope and the number of
individual fining-upward lateral-accretion deposits
within a point bar can be made. This is an essen-
tial first step to improve the prediction of dimensions
and spatial distribution of the flow-limiting finer-
grained deposits for stratigraphic models.
Table 2: Application of transverse bed slope predictor to the
modern coarse-grained River Rhine, Upper Rhine Gar-
ben, Germany, and to the fine-grained Cretaceous Mc-
Murray FM, Canada. For both systems we assumed
valley slope of 10−5, a Chezy coefficient of 25 m0.5/s, a
κ of 0.4 and a g of 9.81 m/s2
Parameter Rhine McMurray
hmean 8 m 25 m
sediment gravel to
sand
sand-silt-
mud
Typical grain-
size
0.5 mm 0.125 mm
tan(∂z/∂n) 0.37 R/h 0.11 R/h
Typical R/h 125 40
Predicted dip 1–2o 13o
Observed dip 4–7o 8–12o
4. Conclusions
Our study demonstrates that the formation of the
characteristic ridge-and-swale topography of point
bars is a consequence of channel widening induced
by outer bank erosion (bank-pull) mechanism rather
than a bar expansion following deposition (bar-push)
mechanism. The findings point to the importance
of incorporating river bank erosion processes in nu-
merical models (Simon and Collinson, 2002; Parker
et al., 2011) as inner-bank bench or scroll-bar forma-
tion is a direct consequence of flow expansion due
to the widening of the channel. Incorporating dy-
namic models of cut-bank erosion rather than just
static models of deposition along the inner bank of
river bends is therefore expected to improve sim-
ulations of the planimetric evolution of meander-
ing rivers on geological time scales. Moreover, the
widening causes deposition of finer-grained layers
within point-bar deposits indicating that the bank
pull model is also pivotal to characterize the sedi-
mentary architecture of point-bar deposits. Our ex-
periments show that finer-grained flow-limiting lay-
ers develop along the transversely sloping bed at
a dip angle that is well predictable. Application
to natural modern and ancient meandering systems
shows that the analytic transverse-bed slope predic-
tor correctly estimates slope and number of lateral-
accretion deposits within natural point-bar deposits.
These findings suggest that the non-permeable fine-
sediment layers within point-bar deposits such as
found in the McMurray Formation can be predicted,
and that the ridge-and-swale topography at the sur-
face and in seismic observations is a good indicator
for these potential flow barriers within point-bar de-
posits.
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(from image to silt cover map), is available online at
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